Abstract In this study, we identified the causative agent of stem-end rot in potatoes that were grown in Gangwon alpine areas of Korea in 2013. The disease symptoms included appearance of slightly sunken circular lesion with corky rot on the potato surface at the stem-end portion. The fungal species isolated from the infected potatoes were grown on potato dextrose agar and produced white aerial mycelia with dark violet pigments. The conidiophores were branched and monophialidic. The microconidia had ellipsoidal to cylindrical shapes and ranged from 2.6~11.4 × 1.9~3.5 µm in size. The macroconidia ranged from 12.7~24.7 × 2.7~3.6 µm in size and had slightly curved or fusiform shape with 2 to 5 septate. Chlamydospores ranged from 6.1~8.1 × 5.7~8.3 µm in size and were present singly or in pairs. The causal agent of potato stem-end rot was identified as Fusarium oxysporum by morphological characterization and by sequencing the internal transcribed spacer (ITS1 and ITS4) regions of rRNA. Artificial inoculation of the pathogen resulted in development of disease symptoms and the re-isolated pathogen showed characteristics of F. oxysporum. To the best of our knowledge, this is the first study to report that potato stem-end rot is caused by F. oxysporum in Korea.
Potato (Solanum tubersum L.) is one of the most significant and globally grown crops and has an important role in human nutrition. The potato ranks as the world's fourth largest food crops after wheat, rice and corn [1] . In 2011, potato was grown in Korea on 26,804 ha of land to yield a total of 622,230 Mt of potato, with productivity of 23.21 t/ha [2] . Potatoes are consumed as a staple food or are processed into food products, food ingredients, or industrial starch. Potatoes are also re-used as seed tubers for growing potato crop for the following season.
Fusarium is a large genus that belongs to the Ascomycota phylum and comprises a few hundred species that are mainly distributed in soils or are associated with plants [3] . The Fusarium genus consists of a species complex that has several clonal lineages [4] . It has a global distribution and is responsible for severe vascular wilts, and can cause rots of various plant structures such as roots, stalks, cobs, seedlings, tubers, bulbs, and corms of a wide range of plants [4, 5] . In addition, Fusarium species cause postharvest dry rot and stem-end rot during the growing season in potato [6] [7] [8] [9] . Fusarium oxysporum growth is favored by dry soil conditions and the optimum soil temperature for infection is 15 o C [10] . In September 2013, potatoes harvested from commercial fields of Gangwon alpine areas presented symptoms of potato stem-end rot. In this study, we identified the causative agent of potato stem-end rot and characterized the pathogenicity of the isolated pathogen.
Isolation of the fungi and pathogenicity test. Stemend rot disease-infected potato tubers were collected from commercial potato growing areas of Gangwon-do (Korea) in September 2013. The disease-infected tubers with corky rot had slightly sunken circular lesions with sharply defined margins and had white fungal mycelium growth on the surface of the stem-end portions of the potatoes (Fig. 1A) . Infected tubers were collected in sterilized plastic polythene bags and transported to the laboratory for pathogen isolation. Infected tubers were cut into small pieces of approximately 1.0~1.5 cm size. The potato pieces were surface-sterilized with 0.1% sodium hypochlorite (NaOCl) for one minute, washed three times with sterile distilled water, and then dried with sterilized filter paper. Next, the potato pieces were placed in Petri plates containing potato dextrose agar (PDA) medium (Difco, Detroit, MI, USA) and incubated at 25 ± 2 o C for 5 days. For pure culture isolation, the mycelia growth obtained on the PDA plates was used to inoculate fresh PDA plates.
To characterize the pathogenicity of the fungus, 40-day-old potato plants cv. Superior were transplanted into plastic pots containing commercial soil (Baroker; Seoul Bio Co., Ltd., Eumseong, Korea). Two weeks after planting the potato plants, 25 mL F. oxysporum conidial suspension (adjusted to 1 × 10 6 conidia per mL by using a hemocytometer and prepared by suspending conidia from PDA cultures in sterile water) was applied by soil drenching. The greenhouse temperature was maintained at 25 ± 2 o C and the plants were watered twice weekly. Seven weeks after inoculation, small, purple-brown or light yellow corky rot developed on the potato tubers at the stem-end portions (Fig. 1B) . The fungal pathogen was re-isolated from the disease lesions of the inoculated plants and the re-isolated pathogen exhibited the same morphological characteristics as those of the original isolates. Thus, the fungal pathogen fulfilled the four criteria stipulated by the Koch's postulates and was identified as the causative agent of the potato stem-end rot.
DNA extraction, PCR, and sequence analysis. The pathogen was isolated from the disease lesion of the potatoes by using the surface sterilization method. Mycelia were obtained from a 7-day-old culture on PDA. For DNA extraction, mycelia were grown in 250-mL flasks containing 100 mL potato dextrose broth, which were incubated for 6 days at 25 o C on a rotary shaker at 150 rpm. Mycelia were harvested by vacuum filtration through Whatman grade 1 filter paper and then lyophilized for 24 hr before grinding them to a fine powder. Next, 100 mg of the ground powder was transferred to a 1.5-mL Eppendorf tube and DNA was extracted by using the CTAB extraction method [11] .
The extracted DNA was used for PCR sequencing of rDNA genes by using universal primers for internal transcribed spacer (ITS) 1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS 4 (5'-TCCTCCGCTTATTGATATGC-3') [12] [13] . The obtained nucleotide sequences were searched through BLASTN at the GenBank database (http:// www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic analysis of F. oxysporum was performed by using the MEGA5 program with the neighbor-joining method [14] . Sequence data were deposited in GenBank (accession No. KJ162149).
Identification and characterization of F. oxysporum.
Total 5 fungal strains were obtained from the stem-end root of potato, and Strain F2 among 5 strains was examined for identification. Strain F2 was identified as F. oxysporum by analyzing the morphological characteristics of the isolated fungus and by performing rDNA sequencing analysis. The fungal colonies were isolated on PDA and consisted of white aerial mycelia that later produced dark violet pigments that are characteristic of F. oxysporum (Fig. 1C and 1D) . F. oxysporum has three types of conidia: macroconidia, microconidia, and chlamydospores. On the other hand, other Fusarium spp. have only two types of conidia: macroconidia and chlamydospora. Shapes of macroconidia and microconidia (Fig. 1E ), conidiophores and chlamydospores (Fig. 1F) are Table 1 . The ITS sequence was compared to the GenBank database sequences by using the NCBI BLAST search tool. The sequences identified based on rRNA-ITS alignment were 100% similar to those of several F. oxysporum species (accession Nos. JX045827.1, KF313101.1, AB685181.1, JF731213.1, GU136492.1, and EU326216.1). Thus, F. oxysporum was identified as the causative agent of potato stem-end rot in Korea (Fig. 2) . This is the first report of stem-end rot of potato tubers in Korea. Described by Booth [15] .
Fig. 2.
Neighbor-joining phylogenetic tree of Fusarium oxysporum and related species identified from GenBank based on internal transcribed spacer gene sequences numbers at the nodes indicate bootstrap values from a test of 1,000 replications. The scale bar indicates the number of nucleotide substitutions. Evolutionary analyses were conducted by using the MEGA5 program [14] .
